We report on the use of a frequency-modulated continuous-wave technique for multiplexing optical fiber gas sensors. The sensor network is of a ladder topology and is interrogated by a tunable laser. The system performance in terms of detection sensitivity and cross talk between sensors was investigated and found to be limited by coherent mixing between signals from different channels. The system performance can be improved significantly by use of appropriate wavelength modulation-scanning coupled with low-pass filtering. Computer simulation shows that an array of 37 acetylene sensors with a detection accuracy of 2000 parts in 10 6 for each sensor may be realized. A two-sensor acetylene detection system was experimentally demonstrated that had a detection sensitivity of 165 parts in 10 6 for 2.5-cm gas cells ͑or a minimum detectable absorbance of 2.1 ϫ 10 Ϫ4 ͒ and a cross talk of Ϫ25 dB.
Introduction
As a result of the development of advanced laser sources and signal measurement techniques, weak gas absorption in the near-IR band can be detected by fiber-coupled micro-optic cells with high sensitivity. 1 A number of important gases, including methane, acetylene, hydrogen sulfide, and carbon dioxide, that possess overtone or combination absorption lines in the transmission windows of silica fibers can be detected with the same type of fiber gas sensor system. [2] [3] [4] [5] [6] [7] [8] [9] Compared with conventional gas detection systems, fiber optic systems offer a number of advantages, including immunity to electromagnetic fields, intrinsic safety in hazardous environments, remote detection, and distributed network capabilities.
Tunable laser sources including distributedfeedback lasers and tunable external-cavity semiconductor lasers are important sources of fiber optic gas sensors. The special features of these lasers include the ability to modulate and tune the laser wavelength and the high spectral power densities within a linewidth that is narrower than a single gas absorption line. 8 -12 The laser sources can enhance the selectivity and sensitivity of optical gas sensors more than LED's can. The high spectral power density of the lasers would also permit, while keeping the reasonable sensitivity that applications allow, multiplexing of a network of gas sensors that share the same source and other expensive optoelectronic components. This would reduce the cost per sensing point and enhance the competitiveness compared with conventional electrical-chemical gas sensors. Spatial division multiplexing 13 ͑SDM͒ and time-division multiplexing 14 ͑TDM͒ techniques have been used for multiplexing fiber optic gas sensors. The SDM system exhibits a performance similar to that of a single-cell system, but a number of receivers and signal processing units need to be used. The TDM system uses a single source-and-receiver unit and thus potentially has a lower cost. But the pulsing of light from the laser source in the TDM system does not make good use of laser power and would result in a poor signalto-noise ratio if a number of sensors were multiplexed. Furthermore, the limited extinction ratio of the optical switch used in the TDM system would result in cross talk and affect the system's perfor-mance. High-extinction-ratio optical switches are required for good system performance. 14 -16 . Frequency-modulated continuous-wave ͑FMCW͒ modulation 17, 18 has a higher duty cycle than TDM and thus would provide a better signal-to-noise ratio at the system output. However, the technique has not been fully examined, to the authors' knowledge, for efficiency in multiplexing fiber gas sensors. In this paper we report on the results of our recent investigations in applying the FMCW technique for addressing fiber gas sensors. The theory of using a FMCW for multiplexing a number of gas sensors connected in a ladder topology is presented in Section 2. The use of wavelength-modulation spectroscopy for the FMCW multiplexed sensor array and the modulation characteristics of the unwanted interferometric signals are investigated in Section 3. Methods for minimizing the effects of interferometric signals are presented in Section 4. The effect of nonzero sidelines of the FMCW technique on the system performance is investigated in Section 5. The results of experimental investigations are given in Section 6, and a summary in Section 7.
Theory of the Frequency-Modulated Continuous
Wave for Multiplexing Fiber Optic Gas Sensors Figure 1 shows the FMCW multiplexed gas sensor array. The system consists of N transmission-type gas cells connected in a forward-coupled ladder topology. 14 Light from the tunable laser source is modulated in intensity through the use of an external intensity modulator with a triangular chirped frequency carrier generated from a voltage-controlled oscillator and coupled into the gas sensor array. When light passes through the gas cells, gas concentration information is encoded onto the light intensity. The return light signals from different sensors are coupled into a common output fiber and then converted into electric signals by a high-speed photodetector and subsequently mixed with a reference signal from the voltage-controlled oscillator ͑VCO͒. The output from the mixer will consist of N beat notes ͑corresponding to N sensors͒, with their respective beat frequencies determined by the time-delay differences between the sensor and the reference signals.
The spectrum of a beat note signal usually consists of a set of discrete spectral lines. Under the ideal conditions that ͑1͒ the signals from different channels are incoherent and ͑2͒ the time delay difference ͑ i , i ϭ 1, 2, . . . , N͒ between the sensor and the reference channels and the parameters of the triangular chirped carrier, i.e., the angular frequency excursion ⌬ and the average angular frequency of 0 , satisfy
where k and l are integers, the spectrum of the ith beat note will be approximately a single line at i ϭ k s . Here, s ϭ 1͞T s ; T s is the period of the triangular chirping. The amplitude of the spectral line at k s will be ͑see Appendix A͒
where is a constant that depends on a number of parameters as described in the Appendix A. I A is the light intensity from the laser at point A, as indicated in Fig. 1 . ␣͑͒ is the amplitude absorption coefficient of the gas. represents the laser frequency and is related to wavelength by ϭ c͞. C i is the gas concentration at the ith sensor. L is the length of the gas cells. For simplicity, we have assumed that all the gas cells are of the same length. If we can design the delay difference i such that each sensor corresponds to a different value of k, we may be able to multiplex a number of sensors in the frequency domain. The sensor signals may be separated ͑demultiplexed͒ by use of electronic bandpass filters of appropriate passing bands.
In practice, there would be unwanted interferometric signals owing to coherent mixing of light waves from different channels that would result in an additional term in the output of sensor i ͑at i ϭ k s ͒. The amplitude of this term is ͑Appendix A͒
where ⌬ ij represents a phase difference between the light signals from channels i and j. ͑cos ⌬ ij ͒ B represents the low-frequency component of cos ⌬ ij that passes the bandpass filter center at k s . To see the effect of this unwanted interferometric term on the system performance, we consider a simple case in which no wavelength modulation or tuning is applied. The phase difference ⌬ ij can now be expressed as Apart from its sensitivity to the unwanted interferometric signals, the performance of the gas sensor array is also affected by various kinds of noise such as source and shot noise and the effect of a time-varying polarization state. All these were analyzed in a previous paper for a TDM system. 13 For the FMCW system reported here, the effect of polarization variation and the source noise will be more-or-less the same as that for the TDM system. The shot-noiselimited performance should be better than that of the TDM system because of the relatively high average power level associated with the FMCW system. The effect of the shot and the source noise is, however, much smaller than that of the unwanted interferometric signals. 13 
Wavelength-Modulation Spectroscopy in the Frequency-Modulated Continuous-Wave System
Gas concentration C i can be recovered from expression ͑3͒ by further processing of signal V i ͑ i ϭ k s ͒ after demultiplexing. The processing method includes direct measurement of the signal magnitude from the bandpass filter while the laser wavelength is locked to a gas absorption line by use of a reference gas cell 9, 12 and measurement of the variation in the signal amplitude when the laser wavelength is scanned across a gas absorption line. 7 In this section we examine the use of a wavelength-modulation spectroscopy technique in which the laser wavelength is modulated sinusoidally at a relatively higher frequency while the average wavelength is locked to or scanned across a gas absorption line. The second harmonic of the wavelength modulation is detected with a lock-in amplifier and used as a measure of gas concentration. [7] [8] [9] [10] Assume that the laser frequency ͑wavelength͒ is sinusoidally modulated; i.e., that
where L0 and Lm are, respectively, the laser average frequency and the amplitude of wavelength modulation, m ϭ 2f m , and f m is the frequency of the wavelength modulation. As the laser wavelength modulation is usually accompanied by residual intensity modulation, the light intensity from the laser ͑at point A as indicated in Fig. 1͒ will be time varying and may be written as
where is the residual intensity modulation index and I 0 is the average light intensity from the source. Substituting Eqs. ͑5͒ and ͑6͒ into expression ͑3͒, we obtain
The gas absorption line under atmospheric pressure is collision broadened and is given by 9
where ␣ 0 represents the amplitude absorption coefficient for pure gas at the center of the absorption line and g and ␦ are, respectively, the center frequency and the half-width of the absorption line. The second harmonic of the modulation signal can be obtained by expansion of Eq. ͑7͒ into a Fourier series of m . The second harmonic is maximized when the average wavelength of laser is at the center of the gas line ͑ L0 ϭ g ͒ and may be expressed as 9
where x is defined as
Expression ͑9͒ is the output that corresponds to sensor i and is similar to the formula for the single gas sensor system. 9 The second harmonic of the unwanted interferometric signal for sensor i can be obtained by substitution of Eqs. ͑5͒ and ͑6͒ into Eq. ͑4͒ and is expressed as ͑Appendix A͒
where ji ϭ j Ϫ i represents a delay time difference between the signals from sensors j and i.
Minimization of the Unwanted Interferometric Signals

A. Wavelength-Modulation Technique
Equation ͑12͒ gives the second harmonics V i,n,2 m ͑ i ϭ k s ͒ of the unwanted interferometric signals.
We now look at how these signals affect the sensor performance in terms of minimum detectable gas concentration. V i,n,2 m ͑ i ϭ k s ͒ includes three terms. The second term is proportional to C i , vanishes when C i tends to zero, and therefore will not set a limit on the detection sensitivity of sensor i. The first term is independent of gas concentration and will set a limit to the detection sensitivity. By setting this term to be equal to the signal given in expression ͑9͒ we obtain the detection sensitivity of sensor i in terms of minimum detectable gas concentration as
where we have neglected the M 0,ij sin ij term because it very small ͑ is very small͒. The root-meansquare ͑rms͒ value of C i,min1 is
where the rms value of cos ij has been taken as 1͞ ͌ 2. M s,max represents the maximum value of M s,ij . The third term is proportional to C j and will cause cross talk to sensor i. By setting this term to be equal to the right-hand side term in expression ͑9͒, we obtain the cross-talk performance of sensor i as
the corresponding rms value is
where C max is the upper limit of the gas concentration and M c,max represent the maximum values of M c,ij .
As ij is a function of Lm , M c,ij , M 0,ij , and M s,ij are also functions of Lm . We take the case for i ϭ 1 and j ϭ 2 as an example. M c,12 ͞k 0 , M 0,12 ͞k 0 , and M s,12 ͞k 0 as functions of Lm were calculated from Eqs. ͑13͒-͑15͒ and Eq. ͑11͒ and are shown in Fig. 2 . During the calculation we assumed that f m ϭ 500 Hz and 21 ϭ 100 ns. As shown in Fig. 2 Expressions ͑19͒ and ͑21͒ can be used to estimate the performance of a gas measurement system in which the average wavelength of the laser is locked at the center of the gas absorption line ͓i.e., L0 ͑t͒ ϵ g ͔. The value of ij under this condition may be written as ij varies randomly within a low-frequency range as a result of environmentally induced phase change ⌬ ij . For gas sensors with wavelengths tuned across the gas absorption, the measurement accuracy may be further enhanced by use of an appropriate low-pass filter, as we discuss in Subsection 4.B.
B. Low-Pass Filtering Technique
It can be seen from expressions ͑18͒ and ͑20͒ that the measurement errors are proportional to cos ij . If the laser wavelength ͑frequency L0 ͒ is scanned linearly across the gas absorption line, cos ij will vary periodically with time. If the time delay ji is sufficiently large that variation of ij ͑ϭ2 L0 ji ϩ ⌬ ij ͒ is many times , cos ij will vary much faster than the absorption signal and can therefore be removed by use of a low-pass filter. This indicates that one could achieve much higher sensitivity by combining wavelength scanning with the use of a low-pass filter. This technique has actually been applied in gas absorption spectroscopy to minimize unwanted etalon effects. 19 When the laser is scanned, the laser average frequency L0 ͑t͒ may be expressed as
where T is the period of wavelength scanning and is typically of the order of one or tens of seconds. La is the lowest average frequency, and B Lb is the slope of the wavelength scanning. Equation ͑16͒ may be rewritten as
where 0 ϭ 2͑ La Ϫ 1 ⁄2 B Lb ji ͒ ji is a constant.
Assume that a lock-in amplifier is used to detect the second-harmonic signal. As the lock-in amplifier may be regarded as a narrow-bandpass filter, only signals with frequencies near 2f m ͑Ϯseveral hertz͒ can pass through. Therefore only the dc component of cos ij can appear at the output of the lock-in amplifier, and expressions ͑18͒ and ͑20͒ can then be rewritten as Fig. 3 . The vertical axis 10 log͉͑cos ij ͒ dc ͉ expresses the value of the dc component of cos ij in units of decibels. For a 20-m delay between sensors, corresponding to ji Ϸ 100 ns, the maximum value of ͑cos ij ͒ dc is found to be 47 dB smaller than that of the value of cos ij ϭ 1, indicating that the detection sensitivity can be improved by 47 dB by wavelength scanning and lock-in detection. However, as we are now dealing with a fiber optic system, environmental variation may affect the fiber length and the index and therefore result in random variation of the phase ⌬ ij . This phase variation would affect the efficiency of noise reduction 20 with lock-in detection and would limit the improvement factor to ϳ30 dB instead of the 47 dB as mentioned above.
The maximum possible value of C i,min1 as a function of sensor number was calculated from expression ͑26͒ and is shown as curve a of Fig. 4 . During the calculation, the values of 10 log͉͑cos ij ͒ dc,max ͉, ␣ 0 , and L were taken as Ϫ30 dB, 0.5 cm Ϫ1 , and 2.5 cm, re- spectively. The cross-talk effect C i,min2 calculated from expression ͑27͒ was found to be much smaller than C i,min1 and is not shown. It should be mentioned that curve a is an estimate of the upper limit of C i,min1 based a simplified formula ͓expression ͑26͔͒. The actual value of C i,min1 could be smaller than that given in curve a. The detection sensitivity in terms of minimum detectable gas concentration C i,min1 as limited by the unwanted interferometric signals ͓ex-pression ͑26͒ and curve a of Fig. 4͔ is inversely proportional to ␣ 0 and L. One can also express it in terms of minimum detectable absorbance by simply multiplying C i,min1 by ␣ 0 L ϭ 0.5 ϫ 2.5 ϭ 1.25. For example, as many sensors as 50, C i,min1 as shown in Fig. 4 ͑curve a͒ is less than 0.2% ͓2000 parts in 10 6 ͑ppm͔͒, corresponding to a minimum detectable absorbance of 2000 ppm ϫ 1.25 ϭ 2.5 ϫ 10 Ϫ3 .
Cross-Talk Performance Resulting from the Sidelines of the Frequency-Modulated Continuous-Wave System
As discussed in Section 2, a signal from each sensor would consist of a set of discrete lines in the frequency domain with frequency interval s . If the modulation and the system parameters are selected carefully according to Eqs. ͑1͒ and ͑2͒, the signal from any particular sensor will have an approximately single line spectrum. For a single sensor system, this can easily be achieved by adjustment of 0 , ⌬, and . For a multiple-sensor system, 0 and ⌬ are usually fixed, and Eqs. ͑1͒ and ͑2͒ may not be satisfied accurately because of the error in controlling the length of the fiber delay lines. Any mismatch or bias from Eqs. ͑1͒ and ͑2͒ would increase the magnitude of the sidelines, which implies that the signal at a particular frequency would include not only the beat signal from the sensor of interest but also the sidelines from other neighboring sensors. These nonzero sidelines would cause cross talk between sensors and affect measurement accuracy. 17, 18 The detection accuracy of sensor i as limited by the FMCW sideline is ͑Appendix A͒:
with M j is defined as
where C j is in the range from 0-C max . The sensor performance in terms of minimum detectable gas concentration owing to cross talk from the nonzero sidelines as functions of sensor numbers is evaluated with Eq. ͑28͒ and is shown in Fig. 4 as curves b-e.
The maximum gas concentrations for all the sensors are assumed to be the same and equal to C max ϭ 5%. Curve b is obtained under the ideal condition when Eqs. ͑1͒ and ͑2͒ are satisfied. Curves c, d, and e are for cases when the time-delay bias from Eqs. ͑1͒ and ͑2͒ equal 0.025, 0.05, and 0.1 ns, respectively, corresponding to fiber lengths of 0.5, 1, and 2 cm, respectively. In summary, the interferometric effect is dominant and will set a limit on the system performance when Eqs. ͑1͒ and ͑2͒ are satisfied and the number of sensors is fewer than 23. However, for a small number of sensors ͑as many as 17 for 0.5-cm bias; Fig. 4 , curve c͒, if Eqs. ͑1͒ and Eq. ͑2͒ are not satisfied, the sideline effect associated with the FMCW technique may exceed the interferometric effect. From Fig. 4 we can see that it should be possible to achieve 2000 ppm ͑0.2%͒ accuracy for as many as 37 sensors when the bias of the delay fiber length is less than 1 cm ͑curve d͒.
It should be mentioned that the detection accuracy limited by the sideline ͑cross-talk͒ effect ͓Eq. ͑28͔͒ is independent of ␣ 0 L and therefore should remain unchanged for different gas types ͑different ␣ 0 ͒ and different cell lengths L.
Experiments and Results
Experiments were conducted with a two-sensor acetylene detection system ͑Fig. 1, N ϭ 2͒. The light source was a New-Focus Model 6262 tunable laser with a wavelength tunable from 1518 to 1580 nm. During the experiments, the laser wavelength was tuned to be near a gas absorption line at 1530.2 nm and ͑frequency͒ modulated at 500 Hz with a modulation amplitude that was variable from 0 to 22 GHz. The external integrated optic intensity modulator was driven by a VCO that generates a triangular frequency-swept carrier from approximately 65 to 70 MHz with a 10-kHz sweeping rate. The modulation index was estimated to be ϳm ϭ 0.2. The two gas cells were of the same length, 2.5 cm. The length of the fiber delay line was ϳ40 m. The optical path differences between the sensing channels and the electric delay of the reference were adjusted to ensure that the beat frequencies coincided with integer multiples of the sweeping rate. The beat signals generated from the mixer were observed with an electrical spectrum analyzer. Figures 5͑a͒ and 5͑b͒ show, respectively, the spectrum analyzer of the two-sensor system for small ͑100-MHz͒ and large ͑22-GHz͒ amplitudes of wavelength modulation. The two major peaks, at 10 kHz ͑k ϭ 1͒ and 30 kHz ͑k ϭ 3͒, correspond to sensors 1 and sensor 2, respectively. At low modulation amplitudes, cos ⌬ 12 is in the lowfrequency region and appears as sidelines about 10 and 30 kHz. If one now used a bandpass filter to select a particular beat signal, part of the sideband signals that were due to cos ⌬ 12 would also pass through the filter; i.e., the value of ͑cos ⌬ 12 ͒ B in Eq. ͑4͒ would be large and therefore affect the measurement accuracy. For large amplitude modulation, cos ⌬ 12 is in a higher-frequency region and is actu-ally out of the range of the spectrum analyzer. The value of ͑cos ⌬ 12 ͒ B in Eq. ͑4͒ would be much smaller than that for the case of small modulation amplitude. The signal-to-noise ratios near 10 and 30 kHz were improved significantly ͑20-dB better than with lowamplitude modulation͒ to 38 dB. The use of large modulation amplitude shifts the coherent mixing signals out of the frequency band of interest and thus reduces the measurement error that is due to ͑cos ⌬ 12 ͒ B .
Under large amplitude modulation ͑ϳ20 GHz͒, the signal at 10 kHz ͑corresponding to sensor 1͒ was bandpass filtered and detected by use of a lock-in amplifier with a reference from the 500-Hz wavelength modulation. Figure 6 shows the second-harmonic output when the laser was tuned from 1530.05 to 1530.35 nm with the first sensor cell filled with ϳ1% acetylene gas. The three curves are the results obtained from three independent wavelength scans when the second sensor cell was filled with 0%, 1%, and 100% acetylene gas. We estimated the minimum detectable gas concentration by comparing the rms value of the noise with that of the signal that was due to 1% acetylene; the concentration was found to be ϳ165 ppm for 1-s lock-in integration time, corresponding to a minimum detectable absorbance of 2.1 ϫ 10
Ϫ4
. This value is significantly larger than the theoretical detection sensitivity calculated from expression ͑26͒ ͑or from curve a of Fig. 4͒ for N ϭ 2 ͑ϳ23 ppm͒ limited by the unwanted interferometric signals. No variation in detection sensitivity was observed when the light signal from one of the channels was blocked, indicating that the system is not limited by the coherent mixing of signals from different channels. The sensitivity is of the same order as the etalon effect in a single sensor, 21 suggesting that the sensitivity is limited by the etalon effect from the gas cells. We estimated the cross talk by measuring the signal variation in the output of sensor 1 when the second sensor was filled with 0% and 100% acetylene; the cross talk was found to be ϳϪ25 dB. This level of cross talk would result in an error in the detection of gas concentration of ϳ10 Ϫ2.5 ϫ 5% ϭ 0.016% ͑160 ppm͒ if a maximum gas concentration of C max ϭ 5% were assumed. This value compares well with the simulation result for N ϭ 2 and a 0.5-cm bias ͑curve c of Fig. 4͒. 
Summary
We have investigated the performance of a multipoint fiber gas sensor array based on a frequency-modulated continuous-wave ͑FMCW͒ technique and wavelength modulation of a tunable external-cavity semiconductor laser. We investigated the limitation imposed on the sensitivity of the fiber gas sensor array by unwanted interferometric signals and by the cross-talk effect that is due to the nonzero sidelines of the FMCW. We showed both experimentally and theoretically how the interferometric effects may be reduced by use of a combination of wavelength modulation-scanning and proper electronic filtering. A two-sensor system with a sensitivity of 165 ppm ͑or 2.1 ϫ 10 Ϫ4 in terms of minimum detectable absorbance͒ and a cross talk of Ϫ25 dB was experimentally demonstrated. It is theoretically possible to achieve a 37-sensor array with a detection accuracy of better than 2000 ppm.
Appendix A
Derivation of Expression ͑3͒
Assume that the light intensity from the laser at point A as indicated in Fig. 1 is I A . The electric field at point B in Fig. 1 may be expressed as where m is the intensity modulation index and ͑t͒ is the phase angle of the intensity modulation applied through the external intensity modulator. ͑t͒ may be related to the instantaneous angular frequency ͑t͒ of the VCO by ͑t͒ ϭ ͐ ͑t͒dt.
(A2)
For a triangular chirped carrier with angular frequency excursion ⌬ and modulation period T s , ͑t͒ may be written as
where 0 is the average carrier frequency. After it passes the N-sensor network, the electric field at point C in Fig. 1 may be written as
where E ci ͑i ϭ 1, 2, . . . , N͒ represents the electric field at point C after the field passes the ith sensor channel and may be expressed as
and k is a loss factor that depends on the coupling ratio of the couplers used in the network. For simplicity, we have assumed that that loss factor is the same for all the channels and is equal to k. ͓͑t i ͔͒ is the phase modulation that results from gas absorption. It may be neglected for small gas concentration, a short-length gas cell, or both. 9 The total light intensity at point C may be written as
where the first term on the right-hand side is the summation of the light intensities from all the sensors. The second term is the summation of the coherent mixing terms between signals from different channels. Assume first that the signals from different channels are incoherent. The second term would then vanish. The output light intensity I c ͑t͒ at point C may be obtained by substitution of Eq. ͑A5͒ into the first term in Eq. ͑A6͒:
The electric signal V s from the photodetector will then be V s ϭ KI c , with K representing a conversion coefficient of the photodetector. The reference signal directly from the VCO may be written as
where ͑t r ͒ is the phase angle of the reference signal. The mixing of V s and V r at the mixer produces three different signals that are associated, respectively, with cos ͑t r ͒, cos͓͑t i ͒ ϩ ͑t r ͔͒, and cos ͓͑t i ͒ Ϫ ͑t r ͔͒.
The first two signals are in a high-frequency region and can be removed by use of a low-pass filter. We are interested here in the phase-difference terms that may be written as
where G is the conversion factor of the mixer. There are N terms in Eq. ͑A9͒, each corresponding to a different sensing channel. One can obtain V F ͑͒, the spectrum of V͑t͒, by taking the Fourier transform of V͑t͒ and writing it as
where V i ͑͒ represents the signal spectrum of the ith sensor channel. For a triangular frequency sweep of angular frequency excursion ⌬f and period T s , and with small delay difference i , i.e., i ͞T s Ͻ Ͻ 1, V i ͑͒ can be expressed as 17, 18 
where t i Ϫ t r ϭ i represents a delay-time difference between the signals from the ith sensor and the reference. When Eqs. ͑1͒ and ͑2͒ are satisfied, the amplitude of the spectrum V i ͑͒ is approximately a single line at kis and can be written as
where we have used the approximation T s ͞2 Ϫ i Ϸ T s ͞2 because we have assumed that the value of i is small ͑ i ͞T s Ͻ Ͻ 1͒. Expression ͑A12͒ is expression ͑3͒ with ϭ kЈKmGV 0 T s ͞2.
Derivation of Eq. ͑4͒
The interferometric term is the second term in Eq. ͑A6͒ and may be rewritten as
with I l ͑l ϭ 1, 2, . . . , N͒ and ⌬ ij given by
where ⌬ ij is randomly varying owing to environmental disturbances. 
where we have used the approximation ͓1 ϩ m cos ͑t͔͒ 1͞2 Ϸ 1 ϩ 1 ⁄2 m cos ͑t͒ (A17) and have neglected the higher-order term m 2 cos ͑t i ͒cos ͑t j ͒͞4. The mixing of V c,n ͑t͒ ϭ KI c,n ͑t͒ with V r ͑t͒ will produce both sum-and difference-frequency terms. The difference-frequency terms of interest here may be written as By following the same process as that from Eqs. ͑A9͒-͑A12͒, we can derive the additional signal at i ϭ k s , which is due to the unwanted interferometric signals, as
Equation ͑A19͒ is the same as Eq. ͑4͒ with ϭ kЈKmGV 0 T s ͞2.
Derivation of Eq. ͑12͒
When the wavelength modulation as given in Eq. ͑5͒ is applied, the phase term ⌬ ij as given in Eq. ͑A15͒ can be rewritten as .
The second harmonic of V i,n ͑k s ͒ can be obtained by expansion of Eq. ͑A21͒ into a Fourier series. Under the condition that ␣͑͒C i L Ͻ Ͻ 1, Ͻ Ͻ 1, and m ji Ͻ Ͻ 1, the magnitude of the second harmonic, when the average laser wavelength is at the center of the gas line, is given by Eq. ͑12͒.
Derivation of Eq. ͑28͒
The second-harmonic signal of sensor i ͑at i ϭ k s ͒ is given by expression ͑9͒. The second harmonic of the sideline signal at i from the jth channel may be obtained from expressions ͑A11͒ and ͑9͒ and written as
The total second harmonic at i ϭ k s for an N-sensor system can be expressed as
where M j is defined in Eq. ͑29͒. By setting the signal given by Eq. ͑A23͒ equal to that given by expression ͑9͒, we obtain Eq. ͑28͒.
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